INTRODUCTION
============

As electronic devices become smaller, lighter, and multifunctional, there is a drive to integrate them into our clothes ([@R1]) or apply them on our skin ([@R2]) to unobtrusively monitor our health ([@R3]) and track our motions ([@R4]). These applications demand high conformability, motivating interest in so-called electronic skin ([@R5]) and, more recently, "ionic skin" ([@R6]). On the sensing side, devices have shown the ability to either detect touch ([@R7]--[@R10]), stretch ([@R11]--[@R14]), bend ([@R15]), or touch and stretch, without the ability to distinguish between the two ([@R6], [@R15]). Several approaches have been taken to show stretchable devices, which often involve elastomer substrates combined with deformable electrodes consisting of carbon nanotubes (CNTs) ([@R14]--[@R17]), thin deformable single-crystal silicon structures ([@R18]), liquid metal ([@R19]), nanowires ([@R8]), and ionically conductive hydrogels ([@R6]). Changes in device geometry induced by mechanical deformation (for example, a touch) are typically detected as variations in an electrical property of the device such as capacitance or resistance. Ideally, a wearable device can operate while being simultaneously deformed.

In our case, we aim to detect the presence of a finger, as is done in a touch pad or touch screen. A challenge is that capacitance and resistance are affected by stretch, bend, and the pressure of touch. Here, we achieve some immunity to mechanical deformation in a touch sensor by making use of so-called projected electric fields that extend beyond the device to couple with and enable detection of a nearby finger ([Fig. 1A](#F1){ref-type="fig"}). The approach of the finger leads to a drop in capacitance between the electrodes. The drop occurs because the electric field, whose strength is indicated by color, is increasingly directed toward the finger, reducing the charge shared between the two electrodes. This type of proximity sensing is well established in rigid indium tin oxide--based sensor devices and is known as mutual capacitive sensing ([@R20]). The direction and magnitude of the change make it distinguishable from effects due to changes in electrode geometry resulting from stretch.

![Working principle and general properties.\
(**A**) Mutual capacitive coupling is simulated between two planar electrodes (shown in the inset without a finger). The coupling between electrodes is reduced by the presence of a finger, which acts as an electrode itself. (**B**) Finger approaching a pair of electrodes that are in the form of a loop and disc. The finger reduces the coupling between the electrodes (*C*~M~) by coupling itself with the projected field (*C*~F~ is increased). (**C**) Two-dimensional array of loop-disc electrode pattern, with the loops on top. (**D**) Sensor array sitting above a forearm and a printed number pad. (**E**) Sensor array on an LCD with a video playing demonstrating transparency. Two edges of the sensor are indicated by the dashed lines. A third edge is just visible, extending perpendicular to the lower line. (**F**) Sensor array wrapped around a finger demonstrating conformity.](1602200-F1){#F1}

In addition, we make the sensor transparent, opening the possibility of touch screen functionality. Some sensors have been made transparent ([@R8]--[@R10], [@R21], [@R22]), and stretchable light-emitting surfaces ([@R23]) and displays ([@R24]) have also been created. In creating a surface that is sensitive to a finger and that is transparent but is also relatively insensitive to deformation, we hope to pave the way for stretchable touch screens that could be worn or applied to any surface. To make the device flexible, stretchable, and transparent, we use ion-containing hydrogels as electrodes, as recently demonstrated by Keplinger *et al*. ([@R25]). This ionic skin ([@R6]) approach does not suffer from the trade-off between conductance and optical transmission found with metals and semiconductors because the material acts as a dielectric at optical wavelengths, with high transparency even for a centimeter thickness \[98%, not including surface reflections ([@R25])\]. Although the conductivity of these gels is 1000 times lower than that of indium tin oxide, in applications where film thickness of a few hundreds of micrometers is acceptable or only small currents are needed (as in capacitive sensing), the lower conductivity is not constraining. Sun *et al*. ([@R6]) showed that these electrodes can sense stretch or touch because of a change in the dimensions when the gel electrodes form a parallel plate capacitor. The area of the plates and the separation between them are modified upon deformation, leading to a change in the capacitance that is measured. A disadvantage of this approach is that it is not possible to determine whether the change is due to a stretch or a touch, and as a result, the device operates only to detect one or the other. Recent work in which four electrodes are attached to a transparent sheet of a highly deformable conductive gel, one to each corner, reports the detection of touch and of stretch ([@R26]). In this elegantly simple approach, the relative resistances between the electrodes and the finger---acting as a current return path---are used to estimate the position of the finger. This method, which has previously been implemented in conducting fabrics ([@R27], [@R28]), does suffer from distortions in the position mapping, particularly when stretch is nonuniform (as the inverse problem is ill-posed), which is ill-suited for a wearable trackpad or touch screen. Also, it does not offer an ability to distinguish simultaneous multiple finger touch. Here, we instead demonstrate the use of projected electric fields, which strongly interact with approaching fingers, making it easy to distinguish finger touch from stretching and bending. The sensors are patterned into an array, enabling lateral position localization. This approach also allows for the possibility of integrating other sensors, including pressure, bend, and stretch sensors, to enable a complete mapping of the sensor surface and its surroundings.

RESULTS
=======

A cross-grid array of ionically conductive hydrogel electrodes is created with the electrodes capacitively coupled through a silicone elastomer matrix, producing a field that extends beyond the surface of the device. In this implementation, each array element is composed of a disc-shaped electrode and its interconnections ([Fig. 1B](#F1){ref-type="fig"}, red) separated from a loop electrode ([Fig. 1B](#F1){ref-type="fig"}, blue) by a dielectric layer. The loop and disc coupling allows for better vertical projection of the field than a simple crossing of lines. The finger acts as a third electrode, which capacitively couples to the sensor element, as represented by the variable capacitor *C*~F~ in [Fig. 1B](#F1){ref-type="fig"}, reducing the coupling between electrodes, *C*~M~. These loop and disk elements are placed in a sensor array (depicted in [Fig. 1C](#F1){ref-type="fig"}) made of transparent and deformable materials, as evident in [Fig. 1](#F1){ref-type="fig"} (D to F). An array is shown in [Fig. 1D](#F1){ref-type="fig"} on a forearm with a printed number pad under it to illustrate the transparency. Three channels are left with unfilled regions to demonstrate how filling makes these channels nearly invisible. The sensor is placed on a liquid crystal display (LCD) playing a video in [Fig. 1E](#F1){ref-type="fig"} to demonstrate that the sensor is barely detectable. The edges are highlighted by dashed lines and labeled as "sensor edges." [Figure 1F](#F1){ref-type="fig"} shows the sensor wrapped around a finger, an indication of its conformability.

The materials and methods are deliberately chosen to be low cost and appropriate for large-format mass production. A simple three-step fabrication process, mold-bond-polymerize (MBP; [Fig. 2](#F2){ref-type="fig"}, A to C), produces a unibody sensor. The fabrication process is similar to that used in microfluidics device fabrication ([@R29]--[@R31]) to mass produce products such as lab-on-chip devices ([@R32]). Polyacrylamide, the hydrogel used to form the electrodes, is widely used in cosmetics and DNA gel electrophoresis. An ionic resistivity of 0.06 ohm·m (measured for a 2.74 M concentration of NaCl) is established by the presence of the salt in the hydrophilic polymer that contains 90% water. The dielectric that surrounds the electrodes is the widely available silicone elastomer polydimethylsiloxane (PDMS).

![Sensor fabrication and sensitivity.\
(**A**) Curing PDMS in a mold. (**B**) Plasma-bonding three layers forming perpendicular channels on top and bottom of the dielectric. (**C**) Injecting the monomer mixture inside the channels and polymerizing them to form the ionically conducting electrodes. (**D**) Map showing the localized change in capacitance due to a touch by a finger. (**E**) Change in capacitance due to a hovering finger at various distances from the top of the sensor. The change in capacitance upon approach of the finger is negative, as indicated.](1602200-F2){#F2}

In the MBP process flow developed to fabricate the sensor, PDMS is first cured in a mold ([Fig. 2A](#F2){ref-type="fig"}), and then released, forming a 700-μm-thick layer with 400-μm-deep grooves. These grooves are to contain the ionically conductive yet transparent and flexible interconnect "wires" of the capacitive sensor array. The layer is plasma-bonded ([@R33], [@R34]) to an unpatterned 400-μm-thick uniform PDMS dielectric sheet to form an assembly with miniature channels. The process is repeated to form perpendicular channels ([Fig. 2B](#F2){ref-type="fig"}). The final PDMS shell with perpendicularly running channels has crossover points (referred to as tactile pixels or taxels) 5 mm apart from each other. The number of contacts in the cross-wire array approach is 2*n* for the case of an array of *n* × *n* = *n*^*2*^ taxels. In the proposed architecture, the space consumed by the interconnects is minimal when the array size is scaled up, especially compared to structures that have two distinct electrodes for each sensor element. In the case demonstrated here, the number of taxels is 16, and the number of lines is 8, with 4 on each axis. Each taxel element has a diameter of 5 mm. A monomer mixture with a salt (NaCl in this case) is injected in the channels and polymerized to form the ionically conductive electrodes ([Fig. 2C](#F2){ref-type="fig"}). Water will evaporate through the PDMS over the course of a day, which can be prevented by using LiCl electrolyte in the gel ([@R35]). A glycerol NaCl solution has also been used in place of the gel to avoid evaporation.

The transmittance of the freestanding sensor in air is measured to be 90%. The light attenuation includes reflective losses at the air-sensor interfaces due to refractive index mismatch (estimated to account for 6% of the 10% loss) and at the hydrogel-PDMS interfaces (less than 1% loss). The remaining 4% loss is primarily the result of surface imperfections. Both surface scattering and reflections should readily be reduced by adding antireflection coatings ([@R36]) and using molds with an optical finish. When the sensor is placed on a surface of relatively high index, such as on an LCD, as shown in [Fig. 1E](#F1){ref-type="fig"}, the reflection losses and surface scattering effects are essentially halved, which helps explain why it is difficult to see the sensor (that is, the sensor is transparent).

To detect single or multi-touch with a small number of electrical connections, the mutual capacitance concept is implemented (as shown in [Fig. 1, B and C](#F1){ref-type="fig"}). The lateral position of a finger can be detected on the basis of the capacitance changes observed. Each combination of row and column electrodes is scanned sequentially, and the capacitances of all taxels are determined to create a map (as shown in [Fig. 2D](#F2){ref-type="fig"}), in this case indicating the presence of the finger at the intersection of row 1 and column 3, that is, element (1,3). The loop and disk design of the electrodes depicted in [Fig. 1B](#F1){ref-type="fig"} is such that the fringe field exposed to an approaching finger is large, thereby bringing about a significant change in capacitance due to the presence of the finger. When the finger reaches the interface, it yields a 13% decrease in capacitance at the taxel being activated ([Fig. 2D](#F2){ref-type="fig"}, white shaded bar). Unlike other conformable capacitive sensor implementations, in this approach, no force is required to obtain the change in signal. The proximity approach allows for noncontact gestures to be detected, as in Samsung's "Air View." Contact gestures such as the translational motion of a finger on the sensor surface, commonly referred to as a "swipe," can also be sensed without the need to press firmly, minimizing stiction on the soft surface. In the previous designs, including the recent use of gel electrodes ([@R6]), touch sensitivity is achieved by physical deformation, which also leads to sensitivity to stretch, and may explain why these works have not presented the ability to detect touch during stretch. The fringing fields result in some sensitivity also in the neighboring taxels (as seen from the map in [Fig. 2D](#F2){ref-type="fig"}). Each bar in the map corresponds to a loop-disc taxel arranged as in [Fig. 2C](#F2){ref-type="fig"}.

To investigate the proximity detection capabilities of the sensor, we clamped a finger in a fixed position, and the sensor array, placed on an elevator stage, was vertically moved closer to the finger. The clamping not only determines relative sensor-finger vertical position but also holds the lateral position fixed. The corresponding capacitances were recorded. [Figure 2E](#F2){ref-type="fig"} shows the relative magnitude of the change in capacitance as a function of distance from the surface. The sensor is demonstrated to be highly sensitive to a finger in very close proximity (lightly touching the surface). The change in capacitance falls off when the finger is further from the surface but is still significant even at 2 cm. Movie S1 shows the detection of proximity.

To determine the sensitivity of touch sensing to stretching, we clamped the sensor in a dynamic mechanical analyzer. A controlled sinusoidal stretch of 5-mm amplitude (corresponding to a strain of 7%) at 0.11 Hz was applied, and the corresponding capacitance was recorded. The stretch and the result of touch during stretch are shown in [Fig. 3A](#F3){ref-type="fig"}, with the sinusoidal stretch onset after 40 s. It is observed that the capacitance increases with a stretch and follows the magnitude of the strain. Some change in capacitance is expected from the increase in overlapping electrode area and the reduction in dielectric thickness brought about by the stretch. While being stretched, the sensor was lightly touched three times between 65 and 110 s after the start of measurement (as shown in [Fig. 3A](#F3){ref-type="fig"}). This brought about a significant decrease in capacitance. The finger contact signal is much larger than the change due to stretching. There is some jitter in the touch response because the finger itself bounces upon contact. Movie S2 shows the stretch and simultaneous finger detection process.

![Touching while stretching and bending.\
(**A**) Plot showing the recorded displacement (7% strain) and capacitance of a single taxel in the sensor while being stretched by a sinusoidally varying displacement using a dynamic mechanical analyzer; the sharp drops in capacitance coincide with touch, while the sinusoidally varying changes are the result of the stretching. (**B**) Sensor in steady state. (**C**) Stable capacitance map for steady state. (**D**) Sensor folded in an anticlockwise direction. (**E**) Resulting small positive change in capacitance of the taxels along the axis of bend where capacitance increases with positive *y* axis. (**F**) Sensor being touched while being bent. (**G**) Negative change in capacitance map showing the taxel touched having a change in capacitance of 10%, reduced slightly by the change due to the bend where the capacitance decreases with positive *y* axis. (**H**) Sensor being bent in the clockwise direction. (**I**) Positive change in capacitance map showing the axis of bend and a similar response to that in (E).](1602200-F3){#F3}

To investigate the effects of bending, we folded the sensor array from the planar state shown in [Fig. 3B](#F3){ref-type="fig"}, in which capacitance is uniform, to a state in which the right hand corner is brought up toward the camera viewpoint, leading to a small radius of curvature (\~10 mm) along the bend line (seen in [Fig. 3D](#F3){ref-type="fig"}). [Figure 3E](#F3){ref-type="fig"} shows a small increase (\~2%) in capacitance along the fold line. The relative immunity to bending is not surprising because the thickness of the dielectric (400 μm) is much smaller than the bending radius of curvature (10 mm), leading to approximately ±2% strain in the top and bottom electrodes. The sensor is touched while being bent, as shown in [Fig. 3F](#F3){ref-type="fig"}, and the resulting change in capacitance is plotted in [Fig. 3G](#F3){ref-type="fig"}, which shows a large decrease in capacitance at the location of the touch, indicating easy detection of the touch during bending. In the figure, the vertical axis shows a negative change in capacitance, whereas in the neighboring plots, the change in capacitance is positive, with the vertical axis being positive change and this change is represented by dark blue instead of red and yellow. Finally, folding of the sensor array in the opposite direction ([Fig. 3H](#F3){ref-type="fig"}) yields a similarly small increase in capacitance along the axis of bend ([Fig. 3I](#F3){ref-type="fig"}) as that seen with the opposing fold. These demonstrations of detection of a finger while being actively stretched and/or bent are important in applications where the device may be folded as part of its normal use, such as application to the surface of a flexible display to create a touch screen. Movie S3 shows the sensor array operating in bending.

The sensor is able to detect gestures such as a swipe, where a finger in light contact with the sensor is moved across the array (as shown in [Fig. 4A](#F4){ref-type="fig"}). The use of projected fields makes the approach very sensitive to such gestures, where there is only very light contact. The Δ*C*/*C*~0~ maps in [Fig. 4A](#F4){ref-type="fig"} show that the finger partially activates neighboring taxels, which can be used to find the center of mass of the activation using further signal processing to enhance the spatial resolution, if needed. Another common gesture used in commercial touch screen devices is the multitouch capability (shown in [Fig. 4B](#F4){ref-type="fig"}), in which the presence of one, two, and then three fingers is detectable. Movies S4 and S5 demonstrate detection of finger translation and of multitouch.

![Swipe, multitouch, and augmented bend detection.\
(**A**) Swipe functionality of the sensor showing the negative change in capacitance following a movement across the row from left to right. (**B**) Detection of one (top), two (middle), and three (bottom) fingers simultaneously, demonstrating multitouch capability. (**C**) Diagram of the design and results from an augmented bend sensor (compared with the regular sensor with the neutral axis aligned with the dielectric), with the neutral axis aligned with the top electrode layer, which enhances the detection of bend (bottom left) but still enables the simultaneous detection of touch (bottom right).](1602200-F4){#F4}

The design of the electrodes makes the sensor relatively immune to bending and stretch, whereas the presence of a finger is strongly captured. This is made possible by the electrode pattern (loop and disc in this case, which projects field) and the use of a relatively thin sheet with the positive and negative electrodes equally spaced on either side of the neutral axis (which reduces sensitivity to bending). In some cases, it is desirable to determine the overall shape of the surface. The sensitivity to bending can be increased if desired by modifying the geometry. [Figure 4C](#F4){ref-type="fig"} shows the increased response to bending achieved when the electrodes are offset relative to the neutral axis, so their strains are no longer equal and opposite during bending. In this case, the top layer is made thicker such that the neutral axis is aligned with the top electrode layer instead of the dielectric, so the bottom electrode layer would experience a large strain and thereby detect a bend more readily. The radius of the curvature in [Fig. 4C](#F4){ref-type="fig"} is \~10 mm. As seen from the cross-sectional diagram in [Fig. 4C](#F4){ref-type="fig"}, the bottom electrode layer is 640 μm away from the neutral axis and therefore experiences a strain of \~6.4% (whereas the top electrode remains unstrained being on the neutral axis). This results in a larger change in capacitance (\~5%) compared to the previous iteration (\~2%) with the dielectric along the neutral axis ([Fig. 3](#F3){ref-type="fig"}, D to I). The grayscale plot in [Fig. 4C](#F4){ref-type="fig"} shows the axis of bend corresponding to the bending action in the image above it. Under bent conditions, the sensor is still able to detect a touch, as seen from the rightmost image in [Fig. 4C](#F4){ref-type="fig"}. This opens the possibility of designing the sense electrodes to be more or less sensitive to particular modes of deformation or touch. There is the possibility of making certain elements more sensitive to bending or stretching while making other elements less sensitive by modifying, for example, their geometry and neutral axis offset, which would enable complete reconstruction of the surface conformation.

A potential challenge with any multilayer composite structure such as the sensor arrays is failure by delamination. An initial study of the general robustness of the sensor array was performed, in which the sensor was clamped and stretched by 10%, followed by a buckle with a radius of curvature of 16 mm (corresponding to a surface strain of 6%). After half a million cycles, the sensor still continued to function without any noticeable degradation to the change in capacitance, as observed in response to a light finger touch, and with no apparent delamination. The results are described in the Supplementary Materials, and the sensitivity to touch as a function of cycle number is plotted in fig. S5. The sensor array was also heated to 80°C for 15 min and cooled to −10°C for 15 min. Following these temperature exposures, the sensor responded to a touch as before (the taxel sensitivity was initially 14%, and afterward was 13%, within the typical variation range resulting from slight changes in finger position and orientation). The array is also resistant to common environmental contamination such as a coffee spill, as shown in the video in movie S6.

DISCUSSION
==========

The sensor is seamless in appearance and visually transparent with swipe and multitouch detection capabilities. Finger contact leads to a decrease in capacitance, whereas a stretch causes the capacitance to increase with a magnitude much smaller in comparison to the change brought about by a touch, enabling ready differentiation of the two stimuli. The capacitance also changes by a relatively small amount in response to a bend, with the sensitivity to bending augmented by changing the alignment of the neutral axis. In its current form, the sensor is not highly sensitive to pressure because of its geometry and the relative stiffness of the dielectric (\~1 MPa). The sensor structure can be altered to increase pressure sensitivity by, for example, having a parallel plate geometry for each capacitor, as is typical in other designs ([@R6], [@R8], [@R9]). However, pressure-sensitive geometries will also be susceptible to stretch. A mixture of both pressure and projected capacitance sensors could provide combined information enabling finger location and applied pressure detection, including the discrimination of stretch-, bend-, and touch-related deformations.

To be effective for portable and mobile applications, sensing devices should be of low power, and the footprint of the interface electronics should be small to facilitate compact-form factors. Here, the readout electronics is based on well-established capacitive sensor readout circuits that are widely used in mobile devices. Although we used an Arduino platform together with a capacitance-to-digital converter (CDC) chip, a custom single-chip solution can be envisioned that has approximately double the 5-mm × 6-mm footprint of the CDC and has an average power consumption of less than 1 mW. At this power level and with 8 hours of continuous operation per day, the proposed system can be expected to last 3 months without recharging using a typical smartwatch battery.

Cost of materials and fabrication are particularly important for wearables, especially those that are disposable or add value to already low-cost products. A promising aspect of the current technology is its combination of low-cost materials (\~\$1/m^2^) and the low-cost, scalable fabrication process, proven in microfluidics ([@R29]--[@R31]). Low cost also makes the use of this technology for large-area coverings interesting. Keplinger *et al*. ([@R25]) have shown that gel-based ionic conductor pairs can propagate signals with a highly effective diffusion rate. For the sensor array case, a limit on the maximum dimensions of the sensor is set by the *RC* time constant of the most distant taxel, the refresh time, τ, and the number of taxels, *n*. The *RC* time constant is important because if a taxel is probed on too short a time scale or at too high a frequency, the resistance of the interconnects will dominate and the capacitive signal will be small. Assuming the taxels are individually addressed sequentially, the *RC* time constant should be less than or approximately equal to the measurement time for each taxel, given by τ/*n*. The maximum sensor array dimension, *L*~max~, is then approximately$$\mathit{L}_{\text{max}} \leq \sqrt[3]{\frac{\sigma\alpha\mathit{l}\mathit{t}_{\mathit{i}}\mathit{t}_{\mathit{d}}\tau}{2\beta\varepsilon_{\mathit{r}}\varepsilon_{0}}}$$

In this equation, a square array is assumed with the dimension of each taxel being *l* × *l*, the conductivity of the interconnects is represented by σ, the thickness of the interconnect is *t*~*i*~ and that of the dielectric is *t*~*d*~, and the permittivity of the dielectric is ε~*r*~ε~*o*~. Here, α*l* is the average width of each interconnect (with α being the fraction of the width consumed by the interconnect), whereas β represents the ratio of the taxel and parasitic capacitance to that of an *l* × *l* parallel plate capacitor. As expected, increasing the width of the conductor, α*l*, and the thickness, *t*~*i*~, will allow the size to be increased by reducing resistance of the conductor. Increasing the capacitance by reducing the dielectric thickness or increasing the permittivity will reduce the dimensions. The estimate in [Eq. 1](#E1){ref-type="disp-formula"} suggests that the sensor array area can be very large, approximately 50 m × 50 m in a 20-cm grid refreshed every half a second. Such a format might be used to detect the presence of feet (instead of fingers).

An attractive feature of any capacitive technology is that its resolution scales in proportion to the dimension of the electrodes. Like a parallel plate capacitor whose dimensions are uniformly scaled up or down, the magnitude of the projected capacitance also scales linearly, as do the vertical and lateral resolutions (discussed in the Supplementary Materials). Devices can be constructed to sense at much larger or smaller scales than the millimeter levels shown here, subject of course to limitations of fabrication methods and instrumentation considerations. Microelectromechanical system devices sense capacitances that are 1000 times smaller ([@R37]) than those of our devices, suggesting that operation with micrometer resolution is possible if desired.

With flexible displays having been implemented by Sony, Samsung, Plastic Logic, and others, and with stretchable electroluminescent materials and displays emerging ([@R23], [@R24]), it is interesting to consider how these interfaces can be made interactive. The transparent sensor array, when laminated onto the surface of a deformable display, promises to enable touch screen selection and gesture-based interactions even during bending and stretching. If the device is also made sensitive to stretch (independently), image distortion could be corrected. A rudimentary example of a transparent application is shown in movie S7, in which finger touch is used to signal the activation of underlying light-emitting diodes (LEDs) on a wristband. In general, the compliance and transparency offer the promise of applying the sensor arrays to virtually any surface.

MATERIALS AND METHODS
=====================

Fabrication of sensor
---------------------

PDMS (Sylgard 184 silicone elastomer) was mixed in a 10 (base):1 (cross-linker) ratio and then degassed to get rid of the air bubbles. The uncured mix was then poured into molds, and the molds were then placed into an oven at 80°C for an hour. The molds were made of aluminum and formed films that were 55 mm × 55 mm across and 700 μm in thickness. The cured PDMS films with patterned grooves were then peeled off. The molds contained 1-mm-wide and 400-μm-deep channels that formed the gel interconnects between the loops (top electrodes) or discs (bottom electrodes). The discs were 1.2 mm in diameter, whereas the loops had an outer diameter of 5 mm and an inner diameter of 3 mm. The loops and discs were 400 μm deep. A uniform-thickness middle dielectric layer was obtained by spin coating a 400-μm-thick uncured PDMS layer on a silicon wafer at 300 rpm for 20 s. The dielectric was then similarly cured at 80°C for an hour. The three cured layers were then plasma-bonded using a Harrick Plasma Cleaner (PDC-001) by exposing the surfaces to be bonded to oxygen plasma at a pressure of 600 mtorr for 110 s. We also demonstrated the bonding of layers using partially cured PDMS and ultraviolet (UV)--curable adhesive ([@R32]). A solution containing 2.2 M acrylamide (AAm) (A8887, Sigma-Aldrich) and 2.74 M NaCl was prepared. The concentrations of AAm and NaCl were similar to those used by Sun *et al*. ([@R6]). Ammonium persulfate \[AP; 1.5 weight % (wt %)\] (A9164, Sigma-Aldrich) was added as an initiator, and 0.06 wt % of the cross-linker *N*,*N*-methylenebisacrylamide (M7279, Sigma-Aldrich) was dissolved, with respect to the weight of the AAm monomer. The mixture was then degassed. *N*,*N*,*N*′,*N*′-tetramethylethylenediamine (TEMED; 1.0 wt %) (T7024, Sigma-Aldrich) was added as the accelerator, causing rapid polymerization. The stoichiometry of AP and TEMED was developed for specifically timed polymerization. Upon the addition of the accelerator, the mixture was injected into the channels within 1 min, and the mixture polymerized as it flowed through the channels. The process was timed such that the polymerization was completed as the channel was filled. Finally, silver-plated copper wires with a diameter of 250 μm were inserted into the openings of the channels, and the channels were then sealed using silicone epoxy (Sil-Poxy from Smooth-On).

Sensor readout
--------------

An Analog Devices CDC chip (AD7746) was used to read the capacitance. The CDC was essentially a Delta-Sigma analog-to-digital converter (ADC). In this case, a constant voltage input was used, whereas the feedback capacitor of the integrator was the sense capacitor. The change in the feedback capacitance resulted in a change in the digital output at constant input voltage. Two multiplexers (MAX 4518) were used to cycle through the eight electrodes, and the output of the multiplexers was fed to a microcontroller (Arduino Mega 2560). The microcontroller controlled the multiplexers and CDC and fed the final data through a serial port into a computer where digital values of the capacitance could be acquired and displayed. The entire 4 × 4 array of 16 taxels was sampled three times per second. A form of running averaging of the signal was carried out to attenuate effects of noise and drift in the signal.

Resistivity measurement
-----------------------

A rectangular block of polyacrylamide was fabricated with a 2.74 M concentration of NaCl. Two electrodes attached to the ends of the gel block were connected to an LCR meter (HP 4275A) to measure the impedance at different frequencies (10, 20, and 40 kHz), which was then used to calculate the resistivity of the gel block of known dimensions.

Transmission measurement
------------------------

The sensor was placed inside the holding zone in a Hitachi U-3010 UV-visible spectrophotometer, and the transmission was measured with air as the baseline. Transmission was through a region including both hydrogel and PDMS.

Mechanical cycle characterization
---------------------------------

The sensor was clamped with the effective length of the sensor between the clamps set at 20 mm. The entire setup was submerged in water to ensure the consistency of hydration. The mechanical analyzer was then used to apply a 2-mm amplitude sine wave (10% strain) followed by a buckling of the sensor by a radius of curvature of approximately 16 mm (corresponding to a surface strain of 6%) at 1 Hz for 500,000 cycles, as described more fully in the Supplementary Materials.

Thermal characterization
------------------------

The sensor was placed in a water bath and heated up to 80°C and held for 15 min. Upon returning to room temperature, it was tested and was fully functional. The sensor was then placed in a beaker with car antifreeze (working ingredient was ethylene glycol) in it, and a Thermo Scientific Neslab CC65 immersion cooler was used to cool it to −10°C and held for 15 min. Upon returning to room temperature, its functionality was judged on the basis of the sensitivity to light finger touch (in percent increase in capacitance).

Supplementary Material
======================
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Effects of scaling on sensor

Mechanical characterization: Cyclic loading

fig. S1. Coplanar electrode capacitor with a finger.

fig. S2. Finger on an array of capacitive sensors.

fig. S3. Effect of scaling on change in capacitance along a row due to a touch at a single taxel.

fig. S4. Steps of mechanical test.

fig. S5. Plot showing change in capacitance in percentage due to a touch after cycles of 10% strain, followed by a buckling with a radius of curvature of 16 mm.

movie S1. Video showing proximity detection.

movie S2. Video showing the sensor being stretched and then being touched while being stretched.

movie S3. Video showing the sensor being bent and a finger touching it while bending.

movie S4. Video showing a finger moving across the sensor and the sensor's response to it.

movie S5. Video showing multiple fingers touching the sensor at multiple locations.

movie S6. Video showing an accidental coffee spill on the sensor and continued functionality after wiping it clean.

movie S7. Video showing a wrist gear made using this sensor and an LED grid under it to demonstrate potential use as part of a wearable device.
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